Park S-Y. Deficiency of inducible nitric oxide synthase attenuates immobilization-induced skeletal muscle atrophy in mice. J Appl Physiol 113: 114 -123, 2012. First published April 19, 2012 doi:10.1152/japplphysiol.00431.2011.-The present study examined the effects of inducible nitric oxide synthase (iNOS) deficiency on skeletal muscle atrophy in single leg-immobilized iNOS knockout (KO) and wild-type (WT) mice. The left leg was immobilized for 1 wk, and the right leg was used as the control. Muscle weight and contraction-stimulated glucose uptake were reduced by immobilization in WT mice, which was accompanied with increased iNOS expression in skeletal muscle. Deficiency of iNOS attenuated muscle weight loss and the reduction in contractionstimulated glucose uptake by immobilization. Phosphorylation of Akt, mTOR, and p70S6K was reduced to a similar extent by immobilization in both WT and iNOS KO mice. Immobilization decreased FoxO1 phosphorylation and increased mRNA and protein levels of MuRF1 and atrogin-1 in WT mice, which were attenuated in iNOS KO mice. Aconitase and superoxide dismutase activities were reduced by immobilization in WT mice, and deficiency of iNOS normalized these enzyme activities. Increased nitrotyrosine and carbonylated protein levels by immobilization in WT mice were reversed in iNOS KO mice. Phosphorylation of ERK and p38 was increased by immobilization in WT mice, which was reduced in iNOS KO mice. Immobilization-induced muscle atrophy was also attenuated by an iNOS-specific inhibitor N 6 -(1-iminoethyl)-L-lysine, and this finding was accompanied by increased FoxO1 phosphorylation and reduced MuRF1 and atrogin-1 levels. These results suggest that deficiency of iNOS attenuates immobilization-induced skeletal muscle atrophy through reduced oxidative stress, and iNOS-induced oxidative stress may be required for immobilization-induced skeletal muscle atrophy.
SKELETAL MUSCLE is the largest organ in the human body, accounting for 40% of body mass and exhibits a very high level of plasticity. Resistance exercise leads to skeletal muscle hypertrophy characterized by increased muscle size, protein contents, and strength (23, 25, 31) . On the contrary, prolonged period of skeletal muscle inactivity due to immobilization, hindlimb unloading, or nerve injury can result in loss of muscle mass, commonly known as muscle atrophy (7, 33) . Characteristic features of skeletal muscle atrophy include a decrease in fiber cross-sectional area, myofibrillar protein contents, and strength, and it leads to increased fragility and insulin resistance (23, 25, 31) . Although skeletal muscle atrophy is caused by a variety of factors, reduced protein synthesis, increased protein degradation, or a combination of reduced protein synthesis and increased protein degradation involve a common pathological process to cause atrophy (62) . Two weeks of unilateral limb immobilization in healthy men and women downregulates the gene involved in protein synthesis and upregulates genes involved in protein degradation (1) .
Many studies rely on rodent animal models, and some of them are suitable models for studying disease-related atrophy such as cachexia with cancer, diabetes, and denervation. However, in these cases, the concurrent presence of systemic alteration may make it difficult to study the mechanism of atrophy. Although bilateral hindlimb immobilization is complex and invasive, and may cause stress-induced systemic alteration, single-leg immobilization is a simple and reliable method (13, 33) .
Nitric oxide (NO) is a gas molecule that plays critical roles as a mediator of physiological processes including neural signaling, immune modulation, and vasoregulation (36) . NO is synthesized enzymatically by three isoforms of nitric oxide synthase (NOS): endothelial NOS (eNOS), neuronal NOS (nNOS), and inducible NOS (iNOS) (54) . While eNOS and nNOS are constitutively present, iNOS produces greater amounts of NO compared with eNOS and nNOS and is highly induced under various pathological conditions (27) . All three isoforms of NOS are expressed in skeletal muscles (42, 48) , and a low level of NO is integrated into physiological functions such as contraction and metabolism (35, 42) . Although the expression level of iNOS is very low in skeletal muscle of normal rodent and human (14) , overproduction of NO by elevated iNOS expression may be involved in muscle atrophy. The expression of iNOS is elevated in the quadriceps muscles of chronic obstructive pulmonary disease patients with low body weight compared with patients with normal body weight (3) . Skeletal muscle wasting of type 2 diabetes and congestive heart failure is also accompanied with increased iNOS expression in skeletal muscle (2, 53) . Moreover, the alcohol-induced skeletal muscle atrophy in rats is accompanied by increased iNOS expression in atrophic muscle (57) . On this background, we hypothesized that iNOS may be involved in immobilization-induced skeletal muscle atrophy, and the suppression of iNOS prevents atrophy. In the present study, the effects of deficiency of iNOS on immobilization-induced skeletal muscle atrophy was examined in single leg-immobilized iNOS knockout and wild-type mice.
MATERIALS AND METHODS

Animals.
Male wild-type and iNOS knockout (The Jackson Laboratory, Bar Harbor, ME) 4-mo-old mice were housed in a room with a 12:12-h light/dark cycle, lights on at 0700 and off at 1900. All the mice were fed a standard chow diet with free access to water. Mice were anesthetized by an intraperitoneal injection of tiletamine and zolezepam (25 mg/kg) and xylazine (10 mg/kg) before the immobilization procedure. The left hindlimb of each mouse was wrapped with self-adhering elastic wrap (3M, St. Paul, MN), encased in a plastic stick made from a microcentrifuge tube, and then the plastic stick was fixed with surgical tape. The right hindlimb of each mouse served as its own control. Immobilization was maintained for 6 h or 1 wk. At the end of the immobilization, mice were anesthetized, and blood was collected from retroorbital plexus using microhematocrit capillary tubes coated with heparin. Blood was centrifuged and plasma was stored at Ϫ80°C for further analysis. Then skeletal muscles were excised, weighted, and used in experiments immediately or stored at Ϫ80°C for further analysis. The effect of the iNOS selective inhibitor N 6 -(1-iminoethyl)-L-lysine (L-NIL; Cayman Chemical, Ann Arbor, MI, USA) on skeletal muscle atrophy was tested after intraperitoneal injection of L-NIL (10 mg·kg Ϫ1 ·day Ϫ1 ) into mice once a day during the immobilization period (10, 58) . L-NIL was injected before the immobilization procedure, and saline was injected in control mice. This study was conducted in accordance with the guidelines for the care and use of laboratory animals provided by Yeungnam University, and all experimental protocols were approved by the Ethics Committee of Yeungnam University.
In situ muscle contraction-stimulated glucose uptake. Four days before contraction experiment, single leg-immobilized mice were anesthetized by intraperitoneal injection of anesthetics (tiletamine and zolezepam, 25 mg/kg body wt; xylazine, 10 mg/kg body wt), and a silicone catheter (Helix Medical, Carpinteria, CA) was inserted into right jugular vein. On the day of the experiment, a Y-connector was connected to the jugular vein catheter to deliver 14 C-labeled 2-deoxy-D-glucose (2-[1-
14 C]DG; PerkinElmer Life and Analytical Sciences, Boston, MA) to measure in vivo skeletal muscle glucose uptake (28) . An electrical stimulation experiment was conducted to induce muscle contraction 7 days after immobilization. After anesthetizing mice, gastrocnemius muscles of both hindlimbs were exposed, electrodes were inserted into muscles, and 10 Ci of 2-[1-
14 C]DG was injected into the catheter right before electrical stimulation. A 5-V stimulation was delivered with a 0.1-s duration and a frequency of 100 Hz. The muscle was stimulated for 10 s and rested for 10 s, which was repeated for 10 min (28, 56) . Both muscles were removed 35 min after 2-[1-
14 C]DG injection and used for analysis of contraction-stimulated glucose uptake. Plasma glucose concentration was measured from tail blood using a Beckman Glucose Analyzer 2 (Beckman, Fullerton, CA) before and after electrical stimulation. Because 2-DG is a glucose analog that is phosphorylated but not metabolized, electrically stimulated glucose uptake in skeletal muscle can be estimated by determining the tissue content of 2-[ 14 (49) .
Quantitative real time polymerase chain reaction (qRT-PCR).
Skeletal muscle (ϳ25 mg) was homogenized in TRI reagent (SigmaAldrich, St. Louis, MO) using an Ultra-Turrax T25 (Janke and Kunkel, IKA-Labortechnik, Staufel, Germany). RNA was reverse transcribed to cDNA from 1 g of total RNA by using a HighCapacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA). Quantitative real-time PCR was performed using the Real-Time PCR 7500 System and Power SYBR Green PCR Master Mix (Applied Biosystems) according to the manufacturer's instructions. The cycle at which the abundance of the accumulated PCR product crossed a specific threshold, the threshold cycle (CT), was determined, and the difference in C T values between ␤-actin and target gene was calculated for each sample. ␤-Actin was used as a housekeeping gene in this experiment and was not different between control and immobilization. Each reaction mixture was incubated at 95°C for 10 min followed by 45 cycles of 95°C for 15 s, 55°C for 20 s, and 72°C for 35 s. Sequences of primers for ␤-actin, iNOS, atrogin-1, and muscle ring finger-1 (MuRF1) were based on the National Center for Biotechnology Information nucleotide database (NCBI) and were designed using the Primer Express Program (Applied Biosystems): ␤-actin (121 bp: forward, 5=-TGG ACA GTG AGG CAA GGA TAG-3=; reverse, 5=-TAC TGC CCT GGC TCC TAG CA-3=), iNOS (71 bp: forward, 5=-CTC CTG CCT CAT GCC ATT-3=; reverse, 5=-TGT TCC TCT ATT TTT GCC TCT TTA-3=), atrogin-1 (71 bp: forward, 5=-GTT CAC AAA GGA AGT ACG AAG G-3=; reverse, 5=-GAA GTC CAG TCT GTT GAA AGC TT-3=), and MuRF1 (71 bp: forward, 5=-CGT GCA GAG TGA CCA AGG-3=; reverse, 5=-GCG TAG AGG GTG TCA AAC TTC-3=). The reactions for eNOS and nNOS used the same conditions as with iNOS, except for the annealing temperature, which was 52°C instead of 55°C. Primers for ␤-actin, eNOS, and nNOS were also based on NCBI's nucleotide database and were designed using the Primer Express Program (Applied Biosystems): mouse ␤-actin (71 bp: forward, 5=-CCA ACC GTG AAA AGA TGA-3=; reverse, 5=-CTG GAT GGC TAC GTA CAT G-3=), eNOS (71 bp: forward, 5=-CCA ACC GTG AAA AGA TGA-3=; reverse, 5=-CTG GAT GGC TAC GTA CAT G-3=), nNOS (71 bp: forward, 5=-GGC TGT GCT TTG ATG GA-3=; reverse, 5=-TGA ATC GGA CCT TGT AGC T-3=).
Western blotting. Antibodies for Akt, phosphorylated Akt (p-Akt), mammalian target of rapamycin (mTOR), p-mTOR, 70-kDa ribosomal protein S6 kinase (p70S6K), p-p70S6K, forkhead box O1 (FoxO1), p-FoxO1, MuRF1, atrogin-1, extracellular signal-related kinase (ERK), p-ERK, p38, and p-p38 were purchased from Cells Signaling Technologies (Danvers, MA). Antibodies for iNOS and gyceraldehyde 3-phosphate dehydrogenase (GAPDH) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA), and nitrotyrosine antibody was purchased from Upstate Biotechnology (Lake Placid, NY). Muscles (ϳ25 mg) were homogenized in lysis buffer (Invitrogen, Carlsbad, CA) containing 1% NP40, 150 mM NaCl, 5 mM MgCl, 10 mM HEPES, leupeptin, and pepstatin A. Protein sample was separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Resolved proteins were then transferred to a 0.45-m polyvinylidene fluoride membrane (PVDF; Millipore, Billerica, MA). After blocking with a solution containing 5% skim milk in TBST [10 mM Tris·HCl (pH 7.4), 150 mM NaCl, and 0.1% Tween-20], the membrane was incubated overnight at 4°C with the primary antibodies except for the GAPDH antibody, in which the membrane was incubated for 1 h at room temperature. The specific antibody binding was detected using sheep anti-rabbit IgG horseradish peroxidase or goat anti-mouse IgG houseradish peroxidase (Bio-Rad, Hercules, CA) for 1 h at room temperature except for nitrotyrosine, for which mouse anti-mouse IgG horseradish peroxidase (Bio-Rad) was used. After addition of chemiluminescence detection regent (Millipore), signals were recorded and quantified using LAS-3000 image analyzer and Multi Guage 3.0 software (Fujifilm, Tokyo, Japan).
Protein carbonylation. Protein carbonylation was measured with an OxyBlot Protein Oxidation Detection kit (Chemicon, Temecula, CA) according to the manufacturer's instructions. Briefly tissues were homogenized in lysis buffer (Invitrogen) with 50 mM dithiothreitol. Ten micrograms of protein in 3 l lysis buffer was added to 3 l of 12% SDS. Samples were derivatized by adding 6 l of 2,4-dinitrophenylhydrazine solution and incubating at room temperature for 15 min, followed by addition of 4.5 l of neutralization solution. The protein sample was separated by 12% SDS-PAGE and then transferred to a 0.45-g PVDF membrane. The membrane was blocked iNOS in Muscle Atrophy • Bae S-K et al.
with 1% bovine serum albumin (BSA) in TBST. After blocking with a 1% BSA in TBST, the membrane was incubated for 1 h at room temperature with rabbit anti-2,4-dinitrophenyl antibody diluted 1:150 in 1% BSA/TBST, washed with TBST, then incubated for 1 h at room temperature with goat anti-rabbit IgG coupled to horseradish peroxidase. Carbonylated protein was visualized by the same method described in Western blotting.
Nitrite and nitrate. Plasma concentrations of the NO-derived end products nitrite and nitrate were measured by a Total NO Assay Kit (R&D Systems, Minneapolis, MN). To minimize interference with plasma protein, the sample was ultrafiltered through a 10,000-Da cut-off filter (Millipore) prior to the assay.
Superoxide dismutase (SOD) activity. Mice were perfused with 10 ml ice-cold phosphate buffered saline (PBS), and muscle samples were rapidly harvested and washed with PBS to remove red blood cells and clots. The muscle was minced in ice-cold buffer (20 mM HEPES, pH 7.2, 1 mM EGTA, 210 mM mannitol, and 70 mM sucrose), homogenized with glass-Teflon motorized homogenizer, and centrifuged at 1,500 g for 5 min at 4°C. The supernatant was collected and centrifuged at 10,000 g for 15 min at 4°C. The precipitated pellet containing mitochondria was resuspended and homogenized. MnSOD activity was measured with Superoxide Dismutase Assay Kit (Cayman, Ann Arbor, MI) according to the manufacturer's instructions. The kit utilizes a tetrazolium salt for detection of superoxide radicals generated by xanthine oxidase and hypoxanthine.
Aconitase activity. Aconitase activity was measured using Aconitase Assay Kit (Cayman) according to manufacturer's instructions. The kit utilizes the formation of NADPH using isocitrate as a substrate. Briefly, muscle sample was minced in ice-cold buffer, homogenized with glass-Teflon motorized homogenizer, and centrifuged at 800 g for 10 min at 4°C. The supernatant was collected and centrifuged at 20,000 g for 10 min at 4°C. The precipitated pellet containing mitochondria was resuspended, sonicated for 20 s, and used for aconitase activity assay.
Statistical analysis. Data are expressed as means Ϯ SE. The difference among groups was analyzed using one-way ANOVA followed by Scheffé's post hoc test. Statistical significance was at P Ͻ 0.05.
RESULTS
Skeletal muscle mass and contraction-stimulated glucose uptake. Food intake and body weight were not significantly affected by the immobilization procedure, and they were not different between wild-type and iNOS knockout mice before and after immobilization. Body weight was 29.5 Ϯ 0.56 and 28.3 Ϯ 0.71 g in wild-type and iNOS knockout, respectively, on the last day of immobilization, and average daily food intake was 3.3 Ϯ 0.12 and 3.2 Ϯ 0.13 g in wild-type and iNOS knockout, respectively, during the immobilization period. The weights of gastrocnemius and quadriceps muscles that were corrected for whole body weight were reduced by 19% and 28%, respectively, in wild-type mice after 1 wk immobilization compared with that of the control leg. The skeletal muscle mass of iNOS knockout mice was also reduced by 9% and 16% in gastrocnemius and quadriceps muscles, respectively, by immobilization. However, the skeletal muscle mass of iNOS knockout mice was significantly higher than wild-type mice after immobilization (Fig. 1, A and B) . Contraction-stimulated glucose uptake was measured to determine muscle function in both control and immobilized legs. Contraction-stimulated glucose uptake was not different between wild-type and iNOS knockout mice in control legs. While immobilization significantly reduced contraction-stimulated glucose uptake in wildtype mice, lack of iNOS attenuated the reduction of contraction-stimulated glucose uptake by immobilization (Fig. 1C) .
NOS expression. Gene expression of iNOS was increased in immobilized leg compared with control leg in wild-type mice. While iNOS protein was not detected in iNOS knockout mice, the protein level of iNOS was increased in immobilized leg compared with control leg in wild-type mice. The gene expression of eNOS and nNOS was not different among the groups (Fig. 2) .
Protein synthesis and degradation. Signaling pathways involved in protein synthesis and degradation were measured at 6 h and 1 wk after immobilization to determine whether signaling change of protein synthesis preceded that of protein degradation since protein synthesis can be affected earlier than protein degradation (39, 51) . The levels of p-Akt and p-mTOR were reduced in both wild-type and iNOS knockout mice by immobilization, and there was no difference between wild-type and iNOS knockout mice after 6 h immobilization (Fig. 3, A  and B) . The pAkt and p-mTOR levels after 1 wk immobilization showed the same pattern of changes with that of 6 h immobilization. The p-p70S6K was also reduced by 1 wk immobilization, and there was no difference between wild-type and iNOS knockout mice (Fig. 4, A-C) . The mRNA expression of MuRF1 and atrogin-1 was not different among the group after 6 h immobilization (Fig. 3, C and D) . Whereas the pFoxO1 level was reduced in wild-type mice after 1 wk immobilization, it was not significantly reduced in iNOS knockout mice (Fig. 5C ). The mRNA expression and protein levels of MuRF1 and atrogin-1 increased in wild-type mice by 1 wk immobilization. However, lack of iNOS attenuated the increase of mRNA and protein levels of MuRF1 and atrogin-1 by immobilization (Fig. 5, D and E) .
Oxidative stress. Aconitase activity was measured as a functional indicator of superoxide radicals since aconitase is reversibly oxidized by superoxide, leading to aconitase inactivation (15, 50) . While aconitase activity was reduced by 1 wk immobilization in wild-type mice, it was not significantly affected by immobilization in iNOS knockout mice. MnSOD activity was also reduced following 1 wk immobilization, and deficiency of iNOS reversed the decreased MnSOD activity by immobilization. Immobilization significantly increased carbonylated protein level in wild-type mice by immobilization, which was normalized in iNOS knockout mice. Plasma level of the NO metabolites nitrite and nitrate was reduced in iNOS knockout mice. Nitrotyrosine level of the 1-wk immobilized leg was increased compared with that of the control leg in wild-type mice, while it was not increased in iNOS knockout mice. Nitrotyrosine level was lower in iNOS knockout mice in the control group (Fig. 6 ). These results suggest that immobilization induces oxidative stress, and deficiency of iNOS suppressed immobilization-induced oxidative stress. The activities of ERK and p38 were measured since they are involved in oxidative stress (26) . Phosphorylated ERK was increased in wild-type mice by immobilization, while it was not signifi- cantly changed in iNOS knockout mice. Phosphorylated p38 (p-p38) showed the same pattern of changes with pERK after 6 h immobilization. The level of pERK in skeletal muscle after 1 wk immobilization showed a similar pattern of changes with that observed at 6 h (Fig. 7) .
iNOS inhibition on muscle atrophy. The effect of iNOS deficiency on skeletal muscle atrophy was confirmed by using the selective iNOS inhibitor L-NIL. A 1-wk treatment with L-NIL reduced nitric oxide metabolites in plasma and attenuated the immobilization-induced muscle weight loss in the gastrocnemius and quadriceps muscles. Phosphorylated FoxO1 level was reduced in saline-injected control mice following 1 wk immobilization, and L-NIL treatment attenuated the reduction of pFoxO1 level by immobilization. MuRF1 and atrogin-1 protein levels increased significantly in control mice by immobilization, which were also attenuated by L-NIL treatment (Fig. 8) .
DISCUSSION
The present study demonstrates that deficiency of iNOS attenuates immobilization-induced skeletal muscle atrophy that is accompanied by improved contraction-stimulated glucose uptake, suppressed oxidative stress, and reduced MuRF1 and atrogin-1 levels in skeletal muscle. To our knowledge, this is the first study directly showing the causative role of iNOS in muscle atrophy in vivo.
Skeletal muscle mass is maintained by a balance between protein synthesis and protein degradation. Since myofibrillar proteins comprise about 85% of the fiber volume, decreased protein synthesis or/and increased protein degradation leads to muscle atrophy (7, 37) . Protein synthesis is regulated by several signaling pathways. The Akt/mTOR/p70S6K pathway plays a crucial role in skeletal muscle protein synthesis (19, 44) . Dynamic shortening or lengthening exercise increases protein synthesis that accompanies increased Akt and p70S6K activities in skeletal muscle of healthy man (11) . High-intensity leg resistance exercise for 2 h in both men and women increases protein synthesis and activities of Akt, mTOR, and p70S6K in skeletal muscle (12) . Furthermore, overexpression of Akt activates mTOR and p70S6K and induces hypertrophy (6), whereas deficiency of Akt induces muscle atrophy in mice (59) . Presently, immobilization for 1 wk reduced activities of Akt, mTOR, and p70S6K in hindlimb. Consistent with our result, hindlimb immobilization for 10 days induces skeletal muscle atrophy and decreases the Akt and p70S6K activities (60) . These results suggest that reduced protein synthesis is involved in immobilization-induced skeletal muscle atrophy in this study.
Protein degradation is modulated by at least four major proteolytic pathways: lysosomal, Ca 2ϩ -dependent, caspasedependent, and ubiquitin-proteasome-dependent pathways (9) . Although all these pathways are involved in skeletal muscle atrophy, accumulating evidence supports the idea that the bulk of myofibrillar protein degradation is mediated by ubiquitin proteasome-dependent pathways during immobilization-induced muscle atrophy (21, 52). Proteins targeted for degrada- tion are tagged with ubiquitin and then recognized by proteasomes that degrade the protein by proteolysis (52) . For the ubiquitination of protein, the coordinated reaction of three sets of enzymes, ubiquitin-activating enzyme (E1), ubiqutin-conjugating enzyme (E2), and ubiqutin ligases (E3), are required, and the key enzymes in this process are E3 ubiquitin ligases, which functions as the protein recognition component (16, 52) . Gene expression of two E3 ubiquitin ligases atrogin-1 and MuRF1 is increased in atrophic skeletal muscles (18) . Furthermore, overexpression of atrogin-1 produces atrophy, whereas mice deficient in either atrogin-1 or MuRF1 are found to be resistant to atrophy (5) . Regulation of MuRF1 and atrogin-1 is directly or indirectly mediated by FoxOs (44, 45) . Although FoxOs are involved in differentiation and metabolism of skeletal muscle, the activities of FoxO1 and FoxO3 are upregulated in various models of atrophy (44) . Moreover, overexpression of FoxO1 and FoxO3 increases the expression of MuRF1 and atrogin-1 and reduces muscle mass (24, 43) , while knockdown of FoxO1 expression inhibits dexamethasone-induced elevation of atrogin-1 and MuRF1 levels and protein degradation in myotubes (47) . In agreement with these previous results, we also presently demonstrated that immobilization for 1 wk increased the FoxO1 activity and MuRF1 and atrogin-1 levels. Since increased expression of these ligases is associated with increased protein degradation, these results suggest that increased protein degradation as well as reduced protein synthesis is involved in skeletal muscle atrophy induced by immobilization. Interestingly, while activities of Akt and mTOR were reduced both after 6 h or 1 wk immobilization, the expression level of these ligases was reduced only after 1 wk immobilization, suggesting that protein synthesis is affected earlier than protein degradation. A previous study consistently showed that muscle atrophy results from a rapid decrease in protein synthesis rate followed by a slower increase in protein degradation (51) .
Presently, deficiency of iNOS attenuated immobilizationinduced skeletal muscle atrophy that was accompanied with functional recovery assessed by contraction-stimulated glucose uptake. Contraction-stimulated glucose uptake has been reported to correlate with the amount of tension developed by the muscle (22) . Accordingly, lower contraction-stimulated glucose uptake in immobilized leg implies reduced tension development and functional deficit of atrophic muscle that was attenuated by deficiency of iNOS. In agreement with our study, the protein level and activity of iNOS in atrophic skeletal muscle of old sedentary rats are increased and exercise normalizes these increments (48) . Skeletal muscle of patients with chronic obstructive pulmonary disease and low body weight displays increased nuclear factor-B activation and iNOS expression (3). Moreover, iNOS has been suggested as a mediator in age-related muscle loss and cytokine-induced cachexia (20) . Interestingly, lack of iNOS presently blocked increased gene expression of E3 ubiquitin ligases induced by immobilization, while lack of iNOS had no effect on the decrease of signaling molecules involved in protein synthesis. Accordingly, we propose that iNOS deficiency attenuates immobilization-induced muscle atrophy via reduction of protein degradation.
However, the role of iNOS in skeletal muscle has not been consistently defined previously. Increased iNOS mRNA expression by lipopolysacchride (LPS) is accompanied with suppressed oxidative stress and decreased MuRF1 and atrogin-1 mRNA levels in oxidative soleus muscle, whereas blunted iNOS response by LPS induces oxidative stress and increased MuRF1 and atrogin-1 mRNA levels in glycolytic white vastus lateralis muscle (61) . This protective role of iNOS in soleus muscle atrophy has not been consistently demonstrated previously, and hindlimb unloading for 28 days decreases muscle mass by 55%, which is followed by increased iNOS expression in soleus (29) . Presently gastrocnemius and quadriceps muscles, which mostly contain glycolytic fibers, showed increased iNOS expression by immobilization and iNOS deficiency attenuated muscle atrophy. Although the discrepancy in the role of iNOS in muscle atrophy is unclear, the difference of atrophy-inducing factor could partly play a role. The effect of LPS-induced muscle atrophy in iNOS knockout mice remains to elucidate it in a further study.
The underlying mechanisms that are involved in the attenuating effect of lack of iNOS on immobilization are unclear, but reduced oxidative stress may be responsible. Although historically it was believed that the inactive muscle produces less reactive oxygen species (ROS) than actively contracting muscle, accumulating evidence indicates that unused skeletal muscle generates more ROS and oxidative stress functions as one of the causes of skeletal muscle atrophy (40, 46) . Hindlimb unloading increases lipid peroxide level and reduces antioxidant enzyme activity such as MnSOD, catalase, and glutathione peroxidase in skeletal muscle (30) . Treatment of muscle cells with hydrogen peroxide increases protein degradation (17) , and antioxidant treatment attenuates mechanical ventilationinduced muscle atrophy (34) . Reduced aconitase and MnSOD activities noted in the present study support increased ROS generation by immobilization. Moreover, increased carbonylated protein in immobilized leg observed in this study also supports the idea that immobilization induces oxidative stress since protein carbonylation in skeletal muscle is increased by oxidative stress, which is associated with protein dysfunction (4) . Endogenous production of NO can produce several reactive nitrogen species, including peroxynitrite, which are highly active compounds that cause tissue damage though oxidation and nitration of biomolecules (55) . Nitrated tyrosine represents a biological marker for peroxinitrite-induced tissue damage and is increased in aged subjects and inflamed tissues (8, 41) . Presently, immobilization increased the nitrotyrosine level, suggesting that immobilization induces nitrosative stress. However, these observed findings, suppressed aconitase and MnSOD activities and increased carbonylated protein and nitrotyrosine levels by immobilization, were reversed in iNOS knockout mice, indicating that immobilization-induced oxidative stress was mitigated by deficiency of iNOS. These results also suggest that iNOS plays an important role in oxidative stress induced by immobilization. Our notion is also supported by our data that immobilization increased activities of p38 and lack of iNOS inhibited the increase of p38 activities that are known to mediate TNF-␣-induced atrogin 1 activation in skeletal muscle (32) . Moreover, the ERK and p38 signaling pathways are involved in NF-kB transactivation during oxidative stress in skeletal muscle myoblasts (26) . The collective data support the suggestion that immobilization increases iNOS expression, which leads to oxidative stress-induced protein degradation.
Overall, deficiency of iNOS attenuates immobilization-induced skeletal muscle atrophy via reduced oxidative stress. Possibly a decrease of protein degradation rather than an increase of protein synthesis is involved in this reaction. These results suggest the possibility of inhibition of iNOS as a target molecule for immobilization-induced muscle atrophy. How- ever, the role of iNOS in infection and inflammation is diverse, depending on the diseases (38) , which should also be considered during the development of iNOS inhibitors as therapeutic agents for muscle atrophy.
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